Wdr5 is an essential component of SET/MLL methylase complexes that catalyze histone H3 lysine 4 trimethylation. The maternal Wnt/β-catenin signaling is necessary for the H3K4me3 deposition at organizer genes in early Xenopus embryos. However, it remains unknown whether any component of SET/MLL methylase complex is required for Wnt signaling to establish H3K4me3 at its targets during the organizer induction. Here, we provide evidence that Wdr5 is required for dorsal axis development and organizer gene activation in Xenopus. Depletion of maternal Wdr5 resulted in ventralized development, phenocopying depletion of maternal β-catenin. Depletion of maternal Wdr5 also drastically reduced the ability of β-catenin to activate organizer genes. Siamois, a direct target of maternal Wnt/β-catenin signaling, was able to reinitiate dorsal axis formation when Wdr5 was depleted. Importantly, we demonstrate that Wdr5 is required for H3K4me3 establishment at the promoter region of siamois. Moreover, we found evidence that Setd1b, a maternally provided methyltransferase, is required for organizer gene expression. Our findings indicate that Wdr5-mediated H3K4 trimethylation plays a part in the organizer formation and dorsal axis development that are controlled by the maternal Wnt/β-catenin pathway.
Introduction
The Xenopus oocyte develops a radial symmetry along the animal vegetal axis. Without breaking this symmetry, the spherical fertilized egg does not transform into an elongated larva with well-defined tissue patterns in three dimensions. Cortical rotation triggered by the sperm entry leads to the enrichment of maternal dorsal determinant(s) in one quadrant of the embryo, from which the Spemann's organizer emerges at the early gastrula stage (Harland and Gerhart, 1997) . Extensive studies in the past decades have revealed that the Spemann's organizer formation can be understood from the angle of how the maternal Wnt/β-catenin signaling transactivates a subset of zygotic genes that are repressed by Tcf3 (also known as Tcf7l1) (Roose et al., 1998; Heasman et al., 1994; Heasman et al., 2000; Houston et al., 2002; Yang et al., 2002a; Xanthos et al., 2002; Tao et al., 2005; Standley et al., 2006; Cha et al., 2008) . Supporting this notion, overexpression of Siamois, a direct target of the maternal β-catenin/Tcf3 signaling (Fan et al., 1998) , is able to restore the dorsal axis formation in embryos depleted of maternal β-catenin (Blythe et al., 2010) .
It has been long known that the zygotic genome is kept in a transcriptionally incompetent state in the first 12-cell cycles of early Xenopus embryogenesis (Newport and Kirschner, 1982a; Newport and Kirschner, 1982b) . Prominent expression of the organizer genes cannot be detected until the 4000-cell stage when the zygotic genome is activated through the mid-blastula transition (MBT) (Yang et al., 2002a; Blythe et al., 2010; Skirkanich et al., 2011; Collart et al., 2013; Amodeo et al., 2015; Jetvic and Levy, 2015; Kermi et al., 2015) . Recent studies have unraveled that maternal β-catenin plays an instructive role to establish poised chromatin architecture containing H3K4me3 and H3R8me2as at organizer gene loci in the pre-MBT stage Xenopus embryos (Blythe et al., 2010) . The protein arginine methyltransferase PRMT2 has been shown to be necessary and sufficient for the H3R8me2as deposition during organizer gene activation. Requirement for a H3K4 trimethyltransferase during this process has also been postulated but not tested by loss-of-function experiments (Blythe et al., 2010) .
H3K4me3 is one of the most frequently observed epigenetic marks associated with actively transcribed genes (Shilatifard, 2008) . The vertebrate SET/MLL family proteins (Setd1a, Setd1b, Mll1-4) homologous to yeast Set1 and fly Trithorax have been shown to catalyze H3K4me3 in vitro and in vivo (Shilatifard, 2008) . A multimeric complex, consisting of Wdr5, Rbbp5, Ash2 and Dpy30, is required for the SET/MLL methyltransferase activity (Ernst and Vakoc, 2012; Trievel and Shilatifard, 2009) . Depletion of Setd1a, Setd1b, Mll1, Mll2, or the auxiliary factors such as Wdr5 in cultured cells or in early mouse embryos results in the loss of bulk H3K4me3 (Andreu-Vieyra et al., 2010; Ang et al., 2011; Bledau et al., 2014; Ernst and Vakoc, 2012; Glaser et al., 2006) . Genetic knockout experiments indicate that these SET/MLL genes play non-redundant and essential roles in the mouse development, and are differentially required for the embryonic stem cell self-renewal and/or differentiation (Ang et al., 2011; Bledau et al., 2014; Ernst and Vakoc, 2012; Glaser et al., 2006) . However, information related to the function of SET/MLL genes in Xenopus development is limiting (Akkers et al., 2009; Blythe et al., 2010) .
Proteomic profiling data from the Kirschner laboratory has indicated that at least four SET/MLL methylases (Setd1a, Setd1b, Mll1 and Mll2) are supplied as maternal proteins in Xenopus (Wuhr et al., 2014) . In order to test whether SET/MLL-mediated H3K4me3 is required for the organizer gene activation in Xenopus, we performed a loss of function study for the maternal Wdr5 through antisense oligo-mediated depletion of the maternal stockpile of wdr5 mRNA (Hulstrand et al., 2010; Olson et al., 2012) . We found that Wdr5 is essential for the H3K4me3 deposition at organizer genes that are specifically controlled by the maternal Wnt/β-catenin signaling. We also provided evidence that Setd1b plays a role in the dorsal axis formation.
Results

Wdr5 is required for dorsal axis formation in Xenopus
The expression pattern of wdr5 mRNA in the early Xenopus development has been examined in detail by others (Bibonne et al., 2013) . Depletion of Xenopus zygotic Wdr5 by injecting a translation blocking morpholino antisense oligo results in abnormal anteroposterior pattern formation (Wysocka et al., 2005) . These findings from others indicate that Wdr5 is an important regulator of embryonic development in Xenopus. We confirmed that wdr5 is maternally stored in oocytes (data not shown). To study the function of maternal Wdr5 in Xenopus, we depleted the maternal store of wdr5 mRNA. An antisense oligodeoxynucleotide (ODN), designated kd3m hereafter, was selected based on its efficacy of depleting wdr5 mRNA in oocytes. RT-qPCR results indicated that injection of 2-6 ng kd3m depleted 60-90% of wdr5 mRNA in the full-grown oocytes during the culture period of 12 h (Fig. 1A) . The maternal Wdr5-depleted oocytes were then fertilized through the host-transfer technique (Hulstrand et al., 2010) . We observed that water-injected control embryos developed with normal dorsal axes during early tailbud stages (Fig. 1B and C) . However, injection of 2-6 ng kd3m caused ventralized development in a dose dependent manner. More than 90% of embryos from 4-6 ng kd3m-injected embryos did not form obvious dorsal ventral axes (Fig. 1B) , indicating that maternal Wdr5 is required for the dorsal axis formation in Xenopus.
To address the specificity of kd3m, we performed rescue experiments. Because the half-life of antisense ODNs is within a few hours in oocytes (Olson et al., 2012) , we injected 4 ng kd3m into oocytes and cultured them for 36 h; half numbers of these kd3m-injected oocytes were then injected with synthetic wdr5 mRNA (100 pg). All relevant groups of oocytes including water-, wdr5 mRNA-, kd3m-, and kd3m + wdr5 mRNA-injected oocytes were then fertilized through the host transfer technique. We found that the dorsal axis development in kd3m-injected embryos was partially rescued by injecting back synthetic wdr5 mRNA (Fig. 1C) . We quantified this rescue experiment through dorsal anterior index scoring (Kao and Elinson, 1988) . The average dorsal anterior index of kd3m-injected group was less than 1, the average DAI of "rescue" group was restored to near 3.4 (Fig. 1D ). These data together reveal that the observed ventralized development was specifically due to the maternal Wdr5 depletion. 
Wdr5 is essential for the organizer gene activation
Molecular bases of the organizer function in the dorsoventral axis formation have been well delineated in Xenopus. During the late blastula to early gastrula stages, a panel of zygotic genes is specifically activated in the dorsal marginal zone by maternal Wnt/β-catenin signaling (Blythe et al., 2010; Cha et al., 2008; Tao et al., 2005; Yang et al., 2002a; Heasman et al., 2000) . Overexpression of the organizer specific transcription factor Siamois, a direct target of the maternal Wnt/β-catenin pathway (Fan et al., 1998) , can restore the dorsal axis formation in β-catenin-depleted embryos (Blythe et al., 2010) . Based on the finding that the Wdr5 depletion causes ventralized development, we postulated that Wdr5 might be required for organizer gene expression. To test this hypothesis, we analyzed the expression of Siamois and other organizer genes in control and Wdr5-depleted embryos at the early gastrula stage (NF10.5). Whole mount in situ hybridization (WISH) indicated that the expression of siamois, xnr3 (nodal 3) and gsc (goosecoid) was markedly inhibited in kd3m-injected embryos ( Fig. 2A) . RT-qPCR analysis at NF10.5 confirmed that Wdr5 depletion significantly decreased the expression of nodal3, siamois, gsc, and chrd ( Fig. 2B) , indicating a failure of the organizer induction when Wdr5 was depleted. Significantly, injecting back 100 pg wdr5 mRNA partially restored the expression of the examined organizer genes in kd3m-injected embryos ( Fig. 2A and B ), further indicating a specific requirement for the maternal Wdr5 during organizer induction.
For comparison, we additionally examined the expression of several ventral genes in response to Wdr5 depletion. RT-qPCR analysis indicated that the expression of bmp4 and ventx2 was not discernably altered in wdr5-depleted embryos at NF10.5, suggesting that maternal Wdr5 is not absolutely required for the expression of ventral genes. To further demonstrate this, we performed WISH for ventx2, which is excluded from the organizer area in normal embryos at early gastrula stages. We found that the expression of ventx2 in the presumable organizer area was detectably increased in the embryos depleted of Wdr5 (Fig. S1B) , which might count for the slightly but not significantly increased expression of ventx2 in Wdr5-depleted embryos when examined through qPCR (Fig. S1A) . Under the same experimental conditions, the reduction of gsc expression in Wdr5-depleted embryos was additionally confirmed through WISH analysis (Fig. S1C) . Taken together we conclude that the maternal Wdr5 plays a specific role in the activation of organizer genes.
Wdr5 is required for β-catenin to activate organizer genes
Maternal β-catenin is absolutely required for the activation of organizer genes (Heasman et al., 1994; Heasman et al., 2000; Blythe et al., 2009; Zhu et al., 2015) . That Wdr5 depletion caused a failure of the organizer gene expression prompted us to investigate whether Wdr5 depletion affects the activity of β-catenin in the induction of organizer formation. To do this, we compared the dorsalization activity of ectopic β-catenin in control and Wdr5-depleted embryos. As a control, injection of 500 pg mRNA encoding β-gal into the ventral side of control embryos at the 2-cell stage did not discernably affect the body plan formation as examined by the early tailbud stage (NF32/33) ( Fig. 3A and B) . By contrast, nearly 90% of control embryos injected with β-catenin mRNA (50 pg per embryo) developed with a secondary axis, affirming the axis induction activity of ectopic β-catenin. As expected, the ventralization effect of Wdr5 depletion was reproduced in all kd3m-injected embryos. The activity of ectopic β-catenin was markedly reduced in the embryos depleted of Wdr5 by the criterion of axis formation ( Fig. 3A and B) . More than 75% of Wdr5-depleted embryos when injected with β-catenin and β-gal remained fully ventralized or developed with reduced heads (Fig. 3A and B) , suggesting that Wdr5 is required for the axis formation induced by ectopic β-catenin. We noticed that nearly a quarter of Wdr5-depleted embryos with ectopic β-catenin developed with axial structures (Fig. 3A and B) . This was Fig. 3 . Depletion of maternal Wdr5 compromises the ability of β-catenin to induce organizer genes. (A) Embryos from indicated treatments at the early tailbud stage (NF31/32). 4 ng kd3m was injected into full-grown oocytes followed by host transfer. β-catenin mRNA (50 pg) together with β-gal mRNA (500 pg) was injected into the marginal zone of control and 4 ng kd3m-injected embryos at the two-cell stage. The primary and secondary axes are marked based on the red-Gal staining. (B) Scoring of the axis inducing activity of ectopic β-catenin in control and Wdr5-depleted embryos. Numbers on the top of each histogram indicate the number of embryos in each indicated treatment group recovered from two independent experiments. Phenotypes are divided into four groups: no dorsal axis, partially dorsal axis, normal, double axis. (C) RT-qPCR comparison of gene expression in embryos at the early gastrula stage. Following host-transfer at the 2-cell stage, a subset of control and Wdr5-depleted embryos were injected with 50 pg β-catenin mRNA. All relevant groups of embryos were collected at the stage 10.5 followed by RT-qPCR analysis. The relative expression level of each gene was normalized to the level of odc, and represented as mean ± s.d. * P b 0.05. n.s.: no significance (Student's t-test).
likely due to the incomplete depletion of wdr5 (Fig. 1A) , such that overexpressed β-catenin could exhibit a compromised activity in inducing axis formation. Requirement for Wdr5 in the β-catenin-mediated induction of organizer genes was additionally verified through RTqPCR analysis. As shown in Fig. 3C , the expression of siamois and/or xnr3 in the embryos depleted of Wdr5 was insignificantly different regardless of the β-catenin injection (Fig. 3C) . These data collectively indicate that maternal Wdr5 is necessary for β-catenin to fully activate the organizer gene expression.
Wdr5 is required the H3K4me3 establishment at organizer gene loci
Because Wdr5 is an integral component of the SET/MLL histone H3K4 trimethylase complexes, and previous studies have shown that depletion of Wdr5 reduces bulk H3K4me3 (Ang et al., 2011; Trievel and Shilatifard, 2009; Wysocka et al., 2005) , we examined the effects of Wdr5 depletion on bulk H3K4me3. To do this, control and kd3m-injected embryos were collected at the late blastula to early gastrula stage (NF9.5/10) and then subjected to western blot analysis using a specific antibody directed against H3K4me3. We found that the level of bulk H3K4me3 was markedly decreased in response to the Wdr5 depletion (Fig. 4A) , indicating that maternal Wdr5 is required for the accumulation of bulk H3K4me3 in the pregastrula stage embryos. It has been shown that β-catenin is required for the establishment of H3K4me3 at its target organizer genes (Blythe et al., 2010) . Our findings that Wdr5 is required for β-catenin to activate organizer genes predicted that Wdr5 depletion might compromise the H3K4me3 deposition at organizer genes. To validate this prediction, we performed ChIP-qPCR analysis at the early and mid-gastrula stages. Control and Wdr5-depleted embryos at NF10 and NF11 were subjected to anti-H3K4me3 ChIP experiments followed by qPCR, aiming to recover the transcriptional start site (TSS) spanning sequences for several patterning genes. Naïve Fig. 4 . Wdr5 modulates H3K4me3 at the promoters of organizer genes. (A) Western blot assessing effects of the Wdr5 depletion on bulk H3K4me3. Embryos obtained through fertilization of control and kd3m-injected oocytes were collected at the late to early gastrula stage (NF9.5/10) followed by western blot using an antibody directed against H3K4me3. Histone H3 and β-actin served as controls. (B-H) ChIP-qPCR analyses assessing effects of the Wdr5 depletion on the H3K4me3 deposition around transcription start sites of the indicated patterning genes. Embryos obtained through fertilization of control and kd3m-injected oocytes were collected at NF10 (B-D) and NF11 (E-H) and subjected to anti-H3K4me3 ChIP experiment followed by qPCR for the indicated genes. Data represented as a percentage of the input signal (mean ± s.d.). IgG used to control for the background signals of the assay. ef1α is a housekeeping gene and serves as negative control. (I) Embryos at the stage 31/32 showing the ability of ectopic Siamois to induce the axis formation in Wdr5-dpleted embryos. 10 pg siamois mRNA was injected together with 500 pg b-gal into the ventral marginal zone of control and wdr5-depleted embryos at the 2-cell stage. Red-Gal staining was performed at the stage 31/32. (J) The percentage representation of the experiment represented in (C). Classes of phenotypes: dorsalized (meaning a 2nd axis formed in the control embryo marked with a red arrow; meaning a single axis induced by Siamois with signs of hyperdorsalization such as an enlarged cement gland marked with a solid red triangle); normal; ventralized with a reduced head; fully ventralized. mouse IgG was used as a negative control for the background of the assay. We observed that depletion of Wdr5 diminished anti-H3K4me3 ChIP signals around the TSS of xnr3 and siamois at NF10 (Fig. 4B) and NF11 (Fig. 4E) , confirming that Wdr5 is indispensible for the establishment of H3K4me3 at the organizer gene loci. Because Wdr5 depletion reduced bulk H3K4me3, it is conceivable that Wdr5 depletion might broadly impact the H3K4me4 deposition at other gene loci. We tested in part this possibility through examining the H3K4me3 deposition around TSS of several genes involved in the mesoderm and/or dorsoventral pattern formation. Indeed, Wdr5 depletion slightly but significantly reduced H3K4me3 levels around TSS of xbra and gsc during the early to mid-gastrula stages (Figs. 4C and F) . Interestingly, the H3K4me3 deposition at ventx1, ventx2, sizzled and myf5 was not discernably affected at the early gastrula stage (Fig. 4D) , but exhibited a significant reduction at the mid-gastrula stage when Wdr5 was depleted (Fig. 4G ). Wdr5 depletion did not affect H3K4me3 at ef1α, a housekeeping gene, at the early or mid-gastrula stage (Fig. 4H and data not shown). These data collectively suggest that Wdr5 depletion has a broad effect on the H3K4me3 deposition at the patterning genes during gastrulation.
It has been shown that ectopic Siamois can restore dorsal axis formation in β-catenin-depleted embryos (Blythe et al., 2010) . We therefore asked whether ectopic Siamois is able to do so in the Wdr5-depleted embryos. To answer this question, we microinjected 10 pg synthetic siamois mRNA together with 500 pg mRNA encoding β-gal into the ventral marginal zone at the two-cell stage and scored the axis formation by the early tailbud stage (NF31/32). We found that ectopic Siamois could generate a dorsal axis with signs of hyperdorsalization in the embryos depleted of the maternal Wdr5 ( Fig. 4I and J) . These analyses collectively suggest that Wdr5 likely functions downstream of β-catenin and upstream of Siamois during organizer formation in Xenopus.
Setd1b is required for dorsal development in Xenopus
One possible explanation for the observed function of Wdr5 in organizer induction is that β-catenin interacts with SET/MLL complexes. We performed series of co-immunoprecipitation (CoIP) experiments using the embryo lysate overexpressed with β-catenin and Wdr5, but did not find an interaction between β-catenin and Wdr5 (data not shown). Previous studies have shown that β-catenin is able to interact with mammalian Setd1a and Mll1 (Salz et al., 2014; Sierra et al., 2006) . We then turned to test whether β-catenin interacts with Setd1b, whose maternal expression has been shown previously by others (Yanai et al., 2011; www.xenbase.org) . CoIP experiments revealed that overexpressed β-catenin and Setd1b could be detected in the same immunocomplex (Fig. 5A) , suggesting that β-catenin is able to associate with Setd1b. To test whether Setd1b is required for the dorsal development, we depleted the maternal setd1b mRNA. The antisense ODN kd4m was verified to effectively degrade the maternal store of setd1b mRNA (Fig. 5B) . Host transfer experiments revealed that maternal Setd1b was required for the dorsal axis formation (Fig. 5C ). The severity of ventralization was correlated with the doses of kd4m injection (Fig. 5C ). That the Setd1b knockdown caused ventralization was somewhat surprising because several SET/MLL-related trimethylases have been detected in the maternal pool through mass-spectrometry (Wuhr et al., 2014) . However, it has been recently shown that ablation of Setd1a and Setd1b differently impacted the early mouse embryogenesis (Bledau et al., 2014) , suggesting that SET/MLL methylases are nonredundantly necessary for the early vertebrate development. In supporting a crucial role for Setd1b in the dorsal development, qPCR analyses found that knockdown of Setd1b significantly decreased the expression of organizer genes including siamois and nodal3 at the early gastrula stage (Fig. 5D ). To assess whether the observed effects of setd1b depletion using the ODN kd4m were specific, we selected a second antisense ODN (named kd22m) that targets a different area compared to the ODN kd4m. Using two different ODNs complementary to different regions of the mRNA of interest has been considered as a means to control for off-target effects of ODNs (Olson et al., 2012) . RT-qPCR examination of gene expression indicated that the ODN kd22m could efficiently deplete maternal store of setd1b mRNA (Fig. S2A) . Embryos fertilized from kd22m-injected oocytes developed with various degree of dorsal axis defects, including shortened dorsal axis and loss of dorsal anterior structures (Fig. S2B and B′) . By contrast, uninjected control embryos and embryos injected with a random oligo developed fairly normal (Fig. S2B and B′) . Furthermore, depletion of setd1b using the ODN kd22m also significantly reduced the expression of organizer genes, but had insignificant effects on the expression of ventx2, a ventral gene (Fig. S2C ). These observations suggest that the requirement for maternal Setd1b in dorsal axis development and organizer gene expression was specific. Together, we conclude that the Setd1b-containing methyltransferase is required for the organizer formation and dorsal axis development in Xenopus.
Discussion
A loss-of-function study of Wdr5 in Xenopus has been previously reported by others using a translation blocking MO, from which the zygotic Wdr5 was shown to play a role in the anteroposterior pattern formation during tailbud stages (Wysocka et al., 2005) . In this report, we took advantages of antisense ODN-mediated maternal RNA degradation and the host-transfer technique to understand the function of maternal Wdr5. We found evidence that maternal Wdr5 is essential for the organizer formation and dorsal axis development in Xenopus. Knockdown of maternal Wdr5 mRNA causes ventralized development and markedly reduces the ability of β-catenin to activate organizer genes. Importantly, maternal Wdr5 is necessary for the H3K4 trimethylation at organizer gene loci. In support of these findings, we found evidence that β-catenin associates with Setd1b, a maternally supplied trimethylase that is also necessary for dorsal development. Based on these findings, we propose that Wdr5-mediated H3K4me3 is essential for the maternal Wnt/β-catenin signaling to activate organizer genes in Xenopus (Fig. 5E ). Our current findings and the finding from others collectively suggest that Wdr5 is a critical regulator of pattern formation in multiple developmental contexts.
Consistent with the proposed role for Wdr5 in modulating the methyltransferase activity of SET/MLL complexes (Ang et al., 2011; Wysocka et al., 2005) , we found that the Xenopus maternal Wdr5 is required for the accumulation of bulk H3K4me3 in early gastrula stage embryos (Fig. 4A) . In regard to phenotypic effects, we found that a parital depletion of Wdr5 predominantly causes a loss of the dorsal axis. This was supported by the limited analysis of genes involved in the dorsoventral patern formation at the early gastrula stage. We demonstrated that Wdr5 is required for the full activation of organizer genes including siamois and nodal3, two direct targets of the maternal Wnt/β-catenin signaling. Interestingly, a significant decrease of H3K4me3 was observed at organizer gene loci but not at the ventral fate promoting genes including ventx1 and ventx2 at the early gastrula stage. These findings together suggest that Wdr5-mediated H3K4me3 plays a part in the timely activation of organizer genes that are specifically controlled by the maternal Wnt/β-catenin signaling.
Biochemical studies have shown that β-catenin is able to interact with Setd1a and Mll1 (Salz et al., 2014; Sierra et al., 2006) , consistent with the notion that Wnt signals can actively establish H3K4me3 at its target genes. We found evidence that β-catenin is also able to interact with Xenopus Setd1b (Fig. 5A) . Supporting a critical role for Setd1b in collaborating with β-catenin during organizer formation, we demonstrated that the maternal Setd1b knockdown causes ventralized development (Figs. 5B and S2) . Additional studies are needed to pin down how and when β-catenin recruits the Setd1b/Wdr5-containing methylase to organizer genes and creates H3K4me3 on site. Furthermore, it will be of great interest to investigate whether β-catenin modulates H3R8me2as and H3K4me3 at organizer genes in parallel or in sequential. Our current findings have strengthened the notion that the poised chromatin created by β-catenin via recruiting histone modifying enzymes is essential for the prompt activation of organizer genes at the MBT (Blythe et al., 2010) .
Our current findings do not rule out the possibility that Wdr5 is involved in the H3K4me3 deposition at other zygotic gene loci. In support of this notion, we observed that Wdr5 is also required for sustaining a normal level of H3K4me3 at mesoderm patterning genes including ventx1, ventx2, sizzled and myf5 by the later stage of development. The expression of these genes has been shown to be regulated by signals through BMP and the zygotic Wnt (Bier and De Robertis, 2015; Hikasa et al., 2010; Polli and Amaya, 2002; Yang et al., 2002b) . Limited literature search has not found substantial evidence that SET/MLL methylases functionally interact with the BMP signaling. Thus a parsimonious explanation for our current observations is that the Wdr5-mediated H3K4 trimethylation is required for Wnt/β-catenin signaling in both early and later phases of embryonic patterning. Further studies are necessary to verify this possibility.
Siamois, a member of the paired homeobox family, has been demonstrated to bind regulatory regions of multiple dorsal genes (Rankin et al., 2011; Bae et al., 2011; Sudou et al., 2012) . We showed that ectopic Siamois is able to reinitiate the dorsal axis formation in the Wdr5-depleted embryos, raising a possibility that the normal expression of Wdr5 and/ or bulk H3K4me3 is not absolutely required for the transactivity of Siamois. Because neither the maternal wdr5 mRNA nor bulk H3K4me3 in the early gastrulae was eliminated under the current experimental conditions, it remains possible that the H3K4me3 deposition on site is required for Siamois to transactivate its targets during the dorsal development. These possibilities warrant additional investigations in future. . Maternal Setd1b is required for dorsoanterior development in Xenopus. Western blot after CoIP showing that MT-β-catenin was detected in the immunocomplex brought down by anti-Setd1b-HA antibodies. mRNA encoding 6MT-β-catenin (500 pg) and Setd1b-HA (500 pg) was microinjected each alone or together into the marginal zone of 2-cell stage embryos. All relevant groups of embryos were lysed at the early gastrula stage (NF10) and subjected to anti-HA immunoprecipitation followed by anti-MT western blot. (B) RT-qPCR assessment of the expression of setd1b mRNA in control oocytes and oocytes injected with 7-9 ng of kd4m, which was designed to degrade the maternal store of setd1b mRNA. Oocytes were collected 12 h after the injection and subjected to RT-qPCR analyses using the expression of setd1b in control oocytes as 100% standard after normalization to odc. Data presented as mean ± s.d. (C) Embryos at the stage 28 obtained through fertilization of oocytes injected with 0 (ctrl), 7 ng, 9ng setd1b kd4m ODN. Depletion of maternal Setd1b caused ventralized development in a dose dependent manner. (D) RT-qPCR assessing expression of the indicated organizer genes in control and Setd1b-depleted embryos at the early gastrula stage. Data presented as mean ± s.d. after normalization to odc. The decrease of the expression of siamois, nodal3 and chrd (chordin) in Setd1b-depleted embryos was significant (P b 0.05, Student t-test). (E) A schematic summary showing that β-catenin, in response to maternal Wnt signaling, activates organizer gene expression likely through recruiting Setd1b/Wdr5 methylase complex and promoting H3K4me3 (asterisks) deposition on site during organizer formation in Xenopus.
Materials and methods
Antisense oligonucleotide, RT-qPCR and ChIP-qPCR primers
Antisense oligodeoxynucleotides (ODNs) used in this study were designed and selected through procedures described in (Hulstrand et al., 2010; Olson et al., 2012) . Sequences of ODNs used in this study: Wdr5 kd3m: 5′T*T*C*TTCCG TTGCCA T*G*G*T3′; Setd1b kd4m: 5′G*G*A*GTTAGGCATGCT*G*A*A3′; Setd1b kd22m: 5′ G*C*A*CCAACGGCAGTC*T*C*T 3′ (* indicates thioate substitution of phosphorus in three phosphorodiester bonds at either end of the ODN). All ODNs were HPLC purified.
RT-PCR and ChIP-qPCR were carried out as described in (Blythe et al., 2009; Zhang et al., 2014) . The sequences of the RT-PCR primers used in this study were: chrd (F): 5′aactgccaggactggatggt3′, chrd (R): 5′ggcaggatttagagttgcttc3′ (Chen et al., 2015) ; gsc (F): 5′ ttcaccgatgaacaactgga3′, gsc (R): 5′ttccacttttgggcattttc3′ (Chen et al., 2015) ; odc (F): 5′gccattgtgaagactctctccattc3′, odc (R): 5′ ttcgggtgattccttgccac3′ (Zhang et al., 2014) ; siamois (F): 5′ ctcaacccttatccagactttg3′, siamois (R) 5′taatgggcttctctactgagga3′ (Zhang et al., 2014) ; xnr3 (nodal3) (F) 5′cttctgcactagattctg3′, xnr3 (R): 5′cagcttctggccaagact3′ (Zhang et al., 2014) . The sequences of the ChIP-qPCR primers used in this study were: siamois (F): 5′ gtattctggggcaagatcaagg3′, siamois (R): 5′tgctcgtggtttattggtcagt3′ (this study); xnr3 (F): 5′ctctacagaaaggcaagtgg3′, xnr3 (R): 5′ tctgggtagatttgtggtaa3′ (this study); ef1α (F): 5′gtctcgcccctaaatatga3′, ef1α (R): 5′cagctcccagctcttttgtc3′ (Blythe et al., 2009 ). The concentration of antibodies for ChIP assays: anti-H3K4me3 (Millipore 07-473, 1 μg per sample lysate).
Embryos and host transfer technique
The Xenopus laevis frogs were purchased from the Nasco Inc. (Wisconsin, USA). Embryos depleted of maternal Wdr5 were obtained through host transfer technique and manipulated as described in (Hulstrand et al., 2010; Olson et al., 2012) .
Coimmunoprecipitation and western blotting
Embryos were harvested at desired stages and subjected to western blot analysis following the procedures as described in references (Ding et al., 2013; Zhang et al., 2014) . Antibodies used in this study are: anti-Histone H3K4me3 (Millipore #07-473, 1:500); anti-Histone H3 (Cell Signaling Transduction #9715, 1:1000); Anti-HA (Roche 11867423001, 1:2000); Anti-MT (Santa Cruz 9E10, 1:2000) .
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